CYP153, one of the most common medium-chain n-alkane hydroxylases belonging to the cytochrome P450 superfamily, is widely expressed in n-alkane-degrading bacteria. CYP153 is also thought to cooperate with AlkB in degrading various n-alkanes. However, the mechanisms regulating the expression of the protein remain largely unknown. In this paper, we studied CYP153 gene transcription regulation by the potential AraC family regulator (CypR) located upstream of the CYP153 gene cluster in a broad-spectrum n-alkane-degrading Gram-positive bacterium, Dietzia sp. strain DQ12-45-1b. We first identified the transcriptional start site and the promoter of the CYP153 gene cluster. Sequence alignment of upstream regions of CYP153 gene clusters revealed high conservation in the ؊10 and ؊35 regions in Actinobacteria. Further analysis of the ␤-galactosidase activity in the CYP153 gene promoter-lacZ fusion cell indicated that the CYP153 gene promoter was induced by n-alkanes comprised of 8 to 14 carbon atoms, but not by derived decanol and decanic acid. Moreover, we constructed a cypR mutant strain and found that the CYP153 gene promoter activities and CYP153 gene transcriptional levels in the mutant strain were depressed compared with those in the wild-type strain in the presence of n-alkanes, suggesting that CypR served as an activator for the CYP153 gene promoter. By comparing CYP153 gene arrangements in Actinobacteria and Proteobacteria, we found that the AraC family regulator is ubiquitously located upstream of the CYP153 gene, suggesting its universal regulatory role in CYP153 gene transcription. We further hypothesize that the observed mode of CYP153 gene regulation is shared by many Actinobacteria.
B
iodegradation of petroleum hydrocarbons is an important process for both natural oil attenuation and industrial applications, such as microbial enhanced oil recovery (MEOR) (1) and bioremediation of oil-contaminated environments (2, 3) . For aerobic alkane degradation, alkane hydroxylases (AHs) are considered to be the essential rate-limiting enzymes (4) . Depending on the chain lengths of n-alkanes, we divide the AHs into three categories: methane monooxygenase-like enzymes are responsible for C 1 to C 4 n-alkane hydroxylation, which includes soluble di-iron monooxygenase (SDIMO) (5, 6) and membrane-bound particulate copper enzyme (CuMMO) (6, 7) ; the integral membrane nonheme iron AlkB-related monooxygenase (8) and cytochrome P450 enzyme, belonging to the CYP153 family (CYP153) (9) , mainly catalyze the hydroxylation of medium-and long-chain alkanes (C 5 to C 16 ); longer alkanes (C 17 plus) are oxidized by the monooxygenases LadA (10) and AlmA (11) . Among these AHs, the monooxygenase AlkB, which requires rubredoxin and rubredoxin reductase for electron transfer, has been intensively studied (12) . Another frequently investigated AH is CYP153, a soluble monooxygenase that requires ferredoxin and ferredoxin reductase to transfer electrons from NAD(P)H to the cytochrome (9, 13) . Recently, CYP153 has been successfully expressed in Escherichia coli with bioconversion ability (14) , indicating its potential for industrial applications. In our previous study, we identified a CYP153 gene in a broad-spectrum n-alkane-degrading strain, Dietzia sp. strain DQ12-45-1b (15) . Real-time PCR analysis showed that CYP153 gene transcription was upregulated in Dietzia sp. DQ12-45-1b when the cells were grown on C 10 to C 14 n-alkanes. Heterologous expression of CYP153 in the alkB-deficient strain Pseudomonas fluorescens KOB2⌬1 confirmed its function in C 6 to C 10 n-alkane degradation. Furthermore, substrate-binding analysis of purified CYP153 revealed its different affinities to C 6 to C 16 n-alkanes.
Although CYP153 was widely detected in alkane-degrading bacteria lacking AlkB (16) , more and more researches revealed its existence in many broad-spectrum alkane-degrading species expressing AlkB, such as Alcanivorax (17) , Dietzia (18, 19) , Rhodococcus (20) , and Nocardia (21) species. This wide distribution of the diverse CYP153 genes was attributed to the numerous potential horizontal gene transfer (HGT) events in bacteria containing both alkB and CYP153 genes, particularly in the phylum Actinobacteria (22) . This circumstance may have contributed to the wide distribution of the CYP153 genes in bacteria, particularly in the phylum Actinobacteria. Functional analysis revealed that these two types of genes are responsible for degradation of different n-alkanes; thus, they cooperatively ensure that their host strains can utilize a broader spectrum of substrates (15, 23) . For example, in the broad-spectrum n-alkane-degrading bacterium Dietzia sp. DQ12- 45-1b (19) , the AlkB-type AlkW1 oxidized C 16 to C 40 n-alkanes, while CYP153 oxidized n-alkanes with shorter chain lengths (fewer than 14 carbon atoms) (15, 24) . Similar results were also observed in the Gram-negative bacterium Alcanivorax dieselolei B-5, expressing one P450 and two alkB genes, which could be induced by C 8 to C 16 and C 12 to C 26 n-alkanes, respectively (23) .
Since the mechanisms of such a cooperative function are not clear, it would be extremely useful to understand the methods of manipulation and regulation of the phenomenon. Several studies have investigated alkB gene regulation in Proteobacteria (12) , such as Pseudomonas putida GPo1. In the presence of n-alkanes, the LuxR family activator AlkS induces the expression of the alkB gene cluster, whereas when n-alkanes are absent, AlkS binds to its own promoter and represses its expression (25) . Although generally less investigated in Gram-positive bacteria, regulation of AlkB-type gene expression by an alternative mechanism has been recently revealed in the Gram-positive strain Dietzia sp. DQ12-45-1b. In that study, the TetR family regulator AlkX cooperatively binds to the alkW1 promoter as a pair of dimers and represses alkW1 transcription. In the presence of n-alkanes, derived fatty acid products can bind to AlkX and dissociate the AlkX-DNA complex (26) . However, to our knowledge, there have been no reports concerning the regulation of CYP153 gene expression in n-alkane degradation.
Sequence analysis revealed a putative AraC family transcriptional-regulator gene located upstream of the CYP153 gene cluster in both Actinobacteria and Proteobacteria, such as in Dietzia (15, 18) , Rhodococcus (27) , Mycobacterium (28) , Amycolicicoccus (29) , Acinetobacter (13) , and Alcanivorax (17, 23, 30) . These findings implied a link between AraC family regulators (AFRs) and CYP153 proteins in bacterial alkane degradation, as reported previously (29) . AFRs are among the most common transcriptional regulators, mostly found in Gammaproteobacteria; however, only a few have been reported in Gram-positive bacteria (31) . Members of the AraC family mainly act as activators and only rarely as repressors (31) . AFRs usually contain two domains. The N-terminal region, which varies greatly in different members, is responsible for effector recognition and dimerization. The C-terminal region recognizes and binds the target DNA by two helix-turn-helix (HTH) motifs that are conserved among different organisms (32) . AFRs play broad roles in prokaryotic physiology, regulating carbon metabolism, pathogenesis, and stress response (31) . However, it is unclear whether AFRs regulate alkane degradation by modulating CYP153 expression.
Knowing details of the transcriptional regulation of CYP153 gene expression is important for understanding how bacteria containing CYP153 genes, such as Dietzia sp. DQ12-45-1b and even Actinobacteria, degrade petroleum constituents. Moreover, such information would help us to understand the mode of cooperative interaction between different AHs. Therefore, we carried out the present study of CYP153 gene regulation in Dietzia sp. DQ12-45-1b. We identified and characterized the CYP153 gene promoter and also showed that the transcriptional expression of the CYP153 gene was activated by a putative AFR upstream of the CYP153 gene cluster. Furthermore, our bioinformatics analysis revealed that this transcriptional-regulation mechanism of the CYP153 gene cluster might be widely shared among other Actinobacteria and Proteobacteria.
MATERIALS AND METHODS
Growth media and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli strain DH5␣ and its recombinants were grown in lysogeny broth (LB) medium at 37°C on a shaker incubator at 150 rpm. Dietzia sp. DQ12-45-1b and its recombinants were grown in GPY medium (10 g/liter glucose, 10 g/liter tryptone, 5 g/liter yeast extract) at 30°C on a shaker incubator at 150 rpm. For RNA extraction and 5= rapid amplification of cDNA ends (5= RACE), strain DQ12-45-1b was grown in minimal medium (33) supplemented with 0.1% (vol/vol) n-decane (final concentration) as the sole carbon source. In the ␤-galactosidase assay, Dietzia sp. DQ12-45-1b recombinants were grown in minimal medium supplemented with 10 g/liter glucose, 0.1% (vol/vol) liquid n-alkanes, 0.1% (vol/vol) n-decanol, or 0.1% (vol/vol) decanoic acid (final concentration) as sole carbon sources. Recombinant E. coli and Dietzia strains were grown with appropriate antibiotics: ampicillin (Amp), 100 g/ml; kanamycin (Km), 50 g/ml; and streptomycin (Sm), 30 g/ml, as described below.
Nucleic acid extraction and manipulation. Plasmid and chromosomal DNA extraction and purification, PCR, enzymatic digestion, DNA ligation, and transformation of E. coli were performed using standard molecular techniques (34) . Total RNA was extracted using TRIzol reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer's instructions. The extracted total RNA was treated with DNase I and purified again using TRIzol reagent. The primer sequences used for PCRs are listed in Table 2 . All PCRs not specifically defined were performed using PrimeStar DNA polymerase (TaKaRa, Beijing, China) according to the user's manual: 3 min at 94°C; 30 cycles of 10 s at 98°C, 5 s at 60°C, and 2 to 5 min at 72°C (depending on the sequence lengths of PCR products); and finally, maintaining the PCR products at 10°C.
RT-PCR of fdx and CYP153 genes. To identify whether the fdx and CYP153 genes are cotranscribed, total RNA was extracted from Dietzia sp. DQ12-45-1b cells, which were harvested at the logarithmic phase in minimal medium supplemented with n-decane as the sole carbon source, as described above. Reverse transcription (RT) was performed using 0.5 g of total RNA with primers rtP1 and rtP2 (Table 2 ) and the ReverTra Ace reverse transcription kit (Toyobo, Shanghai, China). Then, successful reverse transcription products (cDNA) were used as templates for PCR to detect fdx and a partial intergenic region between the fdx and CYP153 genes with primers fd-F and fd-R (Table 2 ). Thereafter, PCR was performed using rTaq polymerase (TaKaRa, Beijing, China) and the following thermal profile: 3 min at 94°C, followed by 30 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C; 10 min at 72°C; and finally, maintaining the PCR products at 10°C. Genomic DNA of strain DQ12-45-1b was used as a positive control. In addition, double-distilled water was used as a negative control. To assess whether the RNA samples were contaminated by DNA, negative-control reactions were carried out with the same cocktail mentioned above without the ReverTra Ace reverse transcriptase.
5= RACE of the CYP153 gene cluster. The transcriptional start site (TSS) of the CYP153 gene was identified by 5= RACE using the 5=-Full RACE kit (TaKaRa, Beijing, China) following the manufacturer's instructions. Briefly, 2 g of total RNA of the DQ12-45-1b strain underwent dephosphorylation with alkaline phosphatase and pyrophosphorylation with tobacco acid pyrophosphatase. This was followed by ligation to the 5= RACE adaptor and reverse transcription using the specific reverse transcription primer rtP1 ( Table 2 ). The reverse-transcribed product (5 l of the reaction mixture) was then used as a template for the first round of PCR with the GSP1 primer ( Table 2 ) and the 5= RACE outer primer supplied with the kit. Subsequently, the product (1 l of the reaction mixture) was used as a template for the second round of PCR with the fd-R primer and the 5= RACE inner primer in the kit. The thermal profiles for these two rounds of PCR using LA Taq (TaKaRa, Beijing, China) were as follows: 3 min at 94°C; 20 or 30 cycles of 30 s at 94°C, 30 s at 60°C, and 90 s at 72°C; 10 min at 72°C; and finally, maintaining the PCR products at 10°C. The target DNA fragment was then cloned into the pGEM-T Easy vector (Promega, Fitchburg, WI, USA) and sequenced.
Determination of the promoter activity of the CYP153 gene cluster in Dietzia sp. DQ12-45-1b. The promoter activity of the CYP153 gene was determined by the ␤-galactosidase assay (35) . Briefly, the lacZ gene was amplified by PCR with primers LacZF and LacZRP, which contained a PstI restriction site (Table 2 ) from the E. coli MG1655 genome. A 220-bp DNA fragment that could contain the potential promoter of the CYP153 gene was amplified with primers CYP118FB and CYP117R containing a BamHI restriction site (Table 2 ). This 220-bp DNA fragment contained a 118-bp fragment that was the intergenic region between fdx and upstream of the putative AFR gene, as well as a 102-bp fragment downstream of the start codon of fdx (see Fig. 3A ). The 3= terminus of this 220-bp DNA fragment was fused with the lacZ gene by PCR, and the product was cloned into the promoterless Dietzia-E. coli shuttle plasmid pXL1801 (26) . The resulting vector was designated pXL1821 and was introduced into Dietzia sp. DQ12-45-1b by electroporation, as described previously (36) .
The Dietzia sp. DQ12-45-1b recombinant transformed with the potential promoter-lacZ fusion plasmid pXL1821 was grown in 50 ml of minimal medium supplemented with glucose, liquid n-alkanes, n-decanol, or decanoic acid as sole carbon sources, as mentioned above. After incubation at 30°C and shaking at 150 rpm for 72 h (to the logarithmic phase), the cells were harvested by centrifugation at 2,320 ϫ g (5 min; 4°C). Then, the cells were prepared for the ␤-galactosidase assay as previously described (37) . Briefly, the cell pellets were resuspended in 100 l of breaking buffer containing 100 mM Tris-HCl (pH 7.5) and 20% glycerol. After 400 l buffer Z containing 40 mM Na 2 HPO 4 · 7H 2 O, 60 mM NaH 2 PO 4 · H 2 O, 10 mM KCl, 1 mM MgSO 4 · 7H 2 O, and 50 mM 2-mercaptoethanol (pH 7.0) was added, the mixture was subjected to bead beating at 2,500 rpm 3 times for 30 s each time. After the mixture was centrifuged at 9,279 ϫ g (10 min; 4°C), the supernatant was collected and subjected to a ␤-galactosidase assay by a method described previously (35) . Briefly, the reactions were initiated by the addition of 90 l of ortho-2-nitrophenyl-␤-D-galactopyranoside (ONPG) solution (4 mg/ml in buffer Z) to 10 l of supernatant and stopped by the addition of 150 l of 1 M Na 2 CO 3 . A blank sample without cell lysates was prepared each time when buffer Z and ONPG were added to a final volume of 250 l. Proteins in the supernatant were later quantified with the Bradford Protein Assay kit (Qiagen, Beijing, China), using bovine serum albumin (BSA) as a standard. Each experiment was performed at least in triplicate. The unit of ␤-galactosidase activity was defined as 1 nmol of o-nitrophenol released per mg of protein per min.
Determination of the potential regulator of the CYP153 gene cluster. To determine the potential regulatory role of a putative AFR (later designated CypR) located upstream of the CYP153 gene cluster, a potential promoter-lacZ fusion vector, pXL1822 (Table 1) , was constructed in the same way as the pXL1821 vector mentioned above (see Fig. 4A ). The pXL1822 vector contained the whole sequence of cypR (1,002 bp) and the above-mentioned 220-bp DNA fragment. The control pXL1820 vector was also constructed in the same way to contain the promoterless lacZ gene (see Fig. 4A ). These vectors, as well as the pXL1821 vector, were transformed into E. coli strain DH5␣, and the resulting recombinant E. coli DH5␣ cells were inoculated into LB medium supplemented with streptomycin and grown at 37°C. After 24 h of incubation, the cells were harvested, and measurements of the ␤-galactosidase activity were performed as described above.
Preparation and purification of recombinant CypR protein. The cypR gene was cloned using primers CypRFN and CypRRH (Table 2) and ligated into plasmid pET-28a with NdeI and HindIII restriction sites, yielding plasmid pXL2802. The overexpression of CypR was performed in E. coli BL21(DE3) with pXL2802, and the recombinant protein was purified with His tag. In brief, cells transformed with pXL2802 were grown in LB medium with Km at 37°C on a rotary shaker at 150 rpm. One milliliter of the overnight culture was used to inoculate 100 ml fresh medium. After the bacteria grew to an optical density of 0.5 to 0.6 at 600 nm, target protein expression was induced by the addition of isopropyl-␤-D-thiogalactoside to a final concentration of 0.5 mM. After induction for 4 h at 30°C, the cells were harvested via centrifugation at 2,320 ϫ g (5 min; 4°C). The pellet was then resuspended in phosphate-buffered saline (8 g/liter NaCl, 0.2 g/liter KCl, 1.44 g/liter Na 2 HPO 4 , 10 g/liter KH 2 PO 4 , pH 7.2) and lysed by high-pressure cell cracker (JNBio, Guangzhou, China). The lysate was then centrifuged at 9,279 ϫ g (30 min; 4°C). The collected pellet was lysed at room temperature for 1 h in 10 ml lysis buffer (0.1 M NaH 2 PO 4 , 8 M urea, 0.01 M Tris-Cl, pH 8.0). The purified CypR was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The concentration of purified CypR was determined using the Bradford method, as described for promoter activity analysis. The protein was used for antibody preparation. Western blotting. Western blotting was used to determine the expression of CypR in E. coli. Briefly, cells grown in LB medium were harvested in the logarithmic phase and broken with glass beads. The lysate was centrifuged at 9,279 ϫ g (15 min; 4°C), and the supernatants were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 12% polyacrylamide gel and then transferred to a polyvinylidene fluoride membrane at 100 mA for approximately 30 min. Immunoblotting was performed using anti-CypR antibody (AbMax Biotechnology Co., Ltd., Beijing, China) with 1:1,000-fold dilution, horseradish peroxidase-conjugated secondary antibody with 1:1,000-fold dilution, and 0.05% 3,3-diaminobenzidine tetrahydrochloride reagent (Amresco, Solon, OH, USA).
Construction and complementation of a cypR gene replacement mutant in Dietzia sp. DQ12-45-1b. To determine the role of CypR in Dietzia sp. DQ12-45-1b, we constructed a cypR insertion mutant using a double-homologous-recombination method described previously (see Fig. S4A in the supplemental material) (38) . Briefly, a selective cassette (Sm) was amplified from vector pXL1819 (S. Lu, D. Ma, Y. Nie, J. L. Liang, M. Wang, G. Xiong, and X. L. Wu, submitted for publication) using the primers SmF and SmR (Table 2) . Two 500-bp fragments that contained partial cypR genes and were separated from each other by about 671 bp were amplified from the chromosomal DNA of Dietzia sp. DQ12-45-1b using the primers LF1 and LR1, and RF1 and RR2, respectively ( Table 2) . Each of these two 500-bp fragments has a 24-bp end overlapping the Sm selective cassette. The selective cassette fragment and 500-bp cypR fragments were then fused into a single fragment with all the sequences in the desired order, using primers LF2 and RR2. The generated linear DNA fragment was introduced into Dietzia sp. DQ12-45-1b cells via electroporation (2,000 V mm Ϫ1 ; 12 ms) as described previously (36) , and the Smresistant clones were identified by amplifying and sequencing the cypR fragments with primers idtF and idtR ( Table 2 ). The correct chromosomal integration of the fused DNA fragments resulted in an Sm-resistant mutant designated Dietzia sp. DQ12-45-1b (cypR mutant).
The expression vectors for complementation studies were constructed as follows. The Dietzia-E. coli shuttle vecter pNV18-dsRed (39) was used as the template to generate the DNA fragment pK, without the dsRed gene, with primers pKP and pKB ( Table 2 ). The DNA fragment, which contained the putative cypR promoter and cypR gene, was amplified from chromosomal DNA from Dietzia sp. DQ12-45-1b with the primers PcRFB and CRP ( Table 2 ). The 1,222-bp DNA fragment obtained was then ligated into pK using BamHI and PstI restriction sites to construct a new plasmid, pXL1825 (Table 1) . Vector pXL1825 was introduced into cypR mutant cells via electroporation, as described previously (36) . Control transformations with the Dietzia-E. coli shuttle vector pNV18-dsRed were also included (Table 1) .
To further confirm the results of CYP153 gene promoter activity observed in E. coli, we ligated the same DNA fragments as in pXL1821 and pXL1822 into the fragment pK to generate new promoter vectors, designated pXL1823 and pXL1824. These two plasmids were introduced into the cypR mutant strain separately in the same way described above. The recombinant cells were inoculated into minimal medium supplemented with Sm and Km and grown at 30°C. After 72 h of incubation, the cells were harvested, and measurements of the ␤-galactosidase activity were performed as described above. Transcriptional levels of the CYP153 gene in Dietzia sp. DQ12-45-1b and the cypR mutant induced by different n-alkanes. In order to explore the physiological function of CypR, cells of Dietzia sp. DQ12-45-1b grown on n-alkanes (C 8 and C 10 ) and glucose were collected at the logarithmic phase, and total RNA was extracted as described above. Reverse transcription and real-time PCR were performed as described previously (15) . All of the experiments were repeated in triplicate.
DNA sequence and data analyses. Primer design, sequence analysis, and assembly were performed with Vector NTI Advanced 11 (Invitrogen, Waltham, MA, USA). Multiple-sequence alignments were generated by ClustalW2 (40) .
Calculations and statistics were made using Origin 8.0 software. The values are presented as means and standard deviations. A one-tailed Student's t test or two-tailed Student's t test was used for statistical comparisons, and P values of 0.05 or less were considered statistically significant.
RESULTS

Identification of the CYP153 gene TSS.
Three genes encoding ferredoxin (fdx), P450 monooxygenase (the CYP153 gene), and ferredoxin reductase were annotated in the CYP153 gene cluster in the same direction (Fig. 1A) (15) . Furthermore, an open reading frame encoding a putative AraC family protein was located upstream of the CYP153 gene cluster in the opposite direction and was separated from fdx by a 118-bp intergenic region (Fig. 1A) . RT-PCR with the fd-F and fd-R primers showed that 336-bp DNA fragments containing sequences of both fdx and the partial intergenic region between the fdx and CYP153 genes were amplified (Fig. 1B) . This finding revealed that the CYP153 gene was cotranscribed with the gene encoding ferredoxin. Therefore, its promoter region should be upstream of the fdx gene.
The 5= RACE analysis using the RNA prepared from Dietzia sp. DQ12-45-1b grown in minimal medium with n-decane as the sole carbon source revealed that the TSS of the CYP153 gene cluster was localized at the dideoxy nucleotide A 34 bp upstream of the potential fdx initiation codon (Fig. 2A) . The Ϫ10 and Ϫ35 regions upstream of the TSS were 5=-AATGCT-3= and 5=-TAGCCG-3=, respectively. These were not typical conserved regions recognized by 70 or other sigma factors in E. coli or Bacillus (41, 42) . Alignment of corresponding upstream regions of CYP153 gene clusters showed the presence of four conserved regions in both Actinobacteria and Proteobacteria. They were the Ϫ10 and Ϫ35 regions, a region upstream of the Ϫ35 region, and the ribosome-binding site (Fig. 2B) . Among them, nucleotide sequences located around putative Ϫ10 and Ϫ35 regions separated by 17 bp were found to be highly conserved in Actinobacteria, such as Dietzia, Mycobacteria, Rhodococcus, Gordonia, and Nocardia (Fig. 2B) , which suggested that these regions might be recognized by sigma factors specific to Actinobacteria. Furthermore, two imperfect direct-repeat sequences (5=-TGAGCCA-N 2 -TTAACAA-3= and 5=-TCTGCCC-N 4 -TCAACCT-3= [where N is any nucleotide]) were identified upstream of the putative Ϫ35 region (Fig. 2B, red arrows) . These imperfect direct-repeat sequences were highly conserved among Actinobacteria strains, suggesting that they may serve as potential regulatory sites of CYP153 gene clusters.
Induction of the CYP153 gene promoter by C 8 to C 14 n-alkanes. To further investigate the activity of the CYP153 promoter, the potential promoter-lacZ reporter vector pXL1821 (Fig. 3A and Table 1 ) was transformed into Dietzia sp. DQ12-45-1b, and the ␤-galactosidase activity was measured following incubation of the resulting recombinant cells with different substrates (Fig. 3B ). C 8 , C 10 , C 12 , and C 14 n-alkanes significantly (P Ͻ 0.01) stimulated the ␤-galactosidase activity of the recombinant cells, which was 2-to 5-fold higher than that caused by glucose (Fig. 3B) . The highest inducing capacity was detected with C 10 n-alkanes (2,746 nmol mg of protein Ϫ1 min Ϫ1 ). These results indicated that the promoter of the CYP153 gene cluster was indeed located in the 118-bp intergenic region. In contrast, no significant promoter induction was observed with C 6 or C 16 n-alkanes (414 and 416 nmol mg of protein Ϫ1 min Ϫ1 , respectively) compared with that caused by glucose (586 nmol mg of protein Ϫ1 min Ϫ1 ). These results implied that inducing capacities were likely related to the chain lengths of n-alkanes. In addition, neither n-decanol nor n-decanoic acid induced CYP153 gene promoter activity (see Fig. S1 in the supplemental material), indicating that the n-alkane-derived oxidized products could not induce the promoter and that n-alkanes are direct inducers of the CYP153 gene in bacterial cells.
The AraC family protein as an activator of the CYP153 gene. Although the CYP153 gene promoter was induced in the DQ12- 45-1b strain, no significant differences in promoter activity were detected between the recombinant E. coli DH5␣(pXL1821) cells and control E. coli DH5␣(pXL1820) cells that contained the promoterless lacZ (Fig. 3C ). This result indicated that the potential regulator involved in the induction of the CYP153 gene promoter was not present in E. coli DH5␣ cells. Since the putative AraC family protein was speculated to be an activator of the CYP153 gene cluster, we constructed the promoter vector pXL1822, which contained the whole sequence of this AFR (1,002 bp) and the above-mentioned 220-bp DNA fragment, and transformed it into E. coli DH5␣ (Fig. 3A) . The ␤-galactosidase activity analysis showed that the CYP153 gene promoter was significantly induced (P Ͻ 0.01) in E. coli DH5␣(pXL1822) cells when they were grown in LB medium. The level of induction was about 5-fold higher than that observed in E. coli strain DH5␣(pXL1821) cells (Fig. 3D) .
To further confirm the results, we performed Western blotting to detect AFR expression. First, the recombinant AFR protein with a 6ϫHis tag at the N terminus was expressed in E. coli BL21(DE3) and purified for antibody preparation (see Fig. S2 in the supplemental material). Western blotting results showed that the AFR was actually expressed in E. coli DH5␣(pXL1822) cells (see Fig. S3 in the supplemental material). Taken together, the results suggested that this AFR could be an activator for the CYP153 gene promoter. Therefore, the AFR was named CypR. In this way, cypR and the CYP153 gene cluster formed an operon for n-alkane oxidation.
To investigate the possible regulatory role of CypR on CYP153 gene transcriptional expression in Dietzia sp. DQ12-45-1b, we constructed a cypR gene replacement mutant (designated the cypR mutant) ( Table 1 ; see Fig. S4 in the supplemental material) and detected the transcriptional level of the CYP153 gene in both the wild-type strain and the cypR mutant strain. The CYP153 gene transcriptional levels detected in the wild-type strain induced by n-octane and n-decane were 3-and 16-fold higher than that caused by glucose (P Ͻ 0.01) (Fig. 4, WT) ; however, there were no significant differences in the CYP153 gene transcriptional levels in the cypR mutant strain caused by glucose and n-alkanes (Fig. 4, K) . When complemented with plasmid pXL1825 (Table 1) , the transcriptional expression pattern of the CYP153 gene in the cypR mutant strain was similar to that observed in the wild-type strain (Fig. 4, A) . However, when complemented with the control plasmid pNV18-dsRed, the transcriptional expression pattern of the CYP153 gene was similar to that observed in the cypR mutant strain (Fig. 4, C) . These results indicated that CypR serves as an activator for CYP153 gene transcriptional expression in n-alkane induction.
To further confirm the results, the reporter vector pXL1824, which contained the whole sequence of CypR (1,002 bp) and the above-mentioned 220-bp DNA fragment, and the vector pXL1823, which contained only the 220-bp DNA fragment, were transformed into the cypR mutant strain. The ␤-galactosidase activity of the cypR mutant strain carrying pXL1824 showed that the CYP153 gene promoter induction by n-alkanes was 2-and 5-fold higher (P Ͻ 0.05 or 0.01) than that caused by glucose (Fig. 5) . However, the promoter activities of the cypR mutant strain carrying pXL1824 were similar when caused by n-alkanes and glucose. In addition, the ␤-galactosidase activity of the cypR mutant strain carrying pXL1824 was also significantly higher than that of the cypR mutant strain carrying pXL1824 in the presence of n-alkanes (P Ͻ 0.01). Taken together, our results indicated that CypR was necessary for CYP153 gene transcriptional expression in n-alkane induction.
Common presence of AFR upstream of the CYP153 gene cluster in bacteria. Our sequence analysis revealed that the gene arrangements of AFRs and CYP153 gene clusters were the same in both Actinobacteria and Proteobacteria, like Rhodococcus, Mycobacterium, Gordonia, and Alcanivorax (Fig. 6A) , as reported previously (15) . Although the functions of the CYP153 genes remained unknown in some strains, like Gordonia malaquae NBRC 108250, Nocardioides sp. strain CF8, and Rhodococcus erythropolis PR4, the CYP153 genes that had been identified were generally able to degrade medium-chain n-alkanes from C 5 to C 10 . This observation suggested that these AFRs may play similar roles in CYP153 gene regulation in both Actinobacteria and Proteobacteria.
In particular, the amino acid sequence of CypR clustered phylogenetically with AFRs in Actinobacteria, demonstrating 47 to 88% sequence similarity, although in Proteobacteria, CypR was distant from AFRs (Fig. 6B) . Similarly, the amino acid sequence of CYP153 also clustered phylogenetically with those in Actinobacteria and was distant from those in Proteobacteria (Fig. 6C) . Our results showed phylogenetic congruence between the AFR and CYP153 proteins. Furthermore, according to the Pfam website, the HTH motifs (PF00165) of AFRs at the C termini were found to be highly conserved in Actinobacteria, with sequence similarities of 60 to 88% (see Fig. S5 in the supplemental material) . Previous analysis suggested the existence of two potential HTH motifs at the C terminus, the first of which might be responsible for recognition of different target sequences at the cognate promoters, while the second may have a common regulatory function (31) . We found conserved sequences, 5=-S(I/V)TLKRRL-3= and 5=-GYSDL(S/I)F (S/I)HAF-3=, in the relative first (positions 244 to 281) and second (positions 295 to 331) HTH motifs (according to AraC in E. coli [31] ), respectively (see Fig. S5 in the supplemental material), suggesting the presence of a similar AFR DNA-binding mechanism in Actinobacteria. Moreover, the putative ligand-binding domain (PF12665) in the N-terminus of CypR was also highly conserved in AFRs from Actinobacteria (44 to 84%) (see Fig. S5 in the supplemental material), indicating analogous ligand-binding mechanisms in the phylum.
DISCUSSION
Produced by many organisms, n-alkanes are ubiquitous in nature. As a consequence, many bacteria from terrestrial and aquatic environments have evolved n-alkane oxidation functions (22) . These microbial degradation processes led to natural alkane attenuation, which contributed to crude oil formation and global carbon cycling (43, 44) . Among the genes responsible for n-alkane degradation, the alkB gene has been most intensively studied with respect to its distribution, function, and transcriptional and global regulation in different bacterial species (12) . At the same time, the CYP153 monooxygenase for oxidizing medium-chain-length nalkanes is widely expressed in many bacteria; however, the mechanisms of its regulation remain less clear.
Compared with E. coli consensus sequences, 5=-TATAAT-3= and 5=-TTGACA-3=, the putative Ϫ10 and Ϫ35 sequences of the CYP153 gene had a higher GϩC content, which is characteristic of Dietzia genomes. Specifically, the Ϫ10 and Ϫ35 regions (5=-AAT GCT-3= and 5=-TAGCCG-3=, respectively) in the DQ12-45-1b strain (Fig. 2B) shared three out of six bases of the E. coli consensus 5=-TATAAT-3= and 5=-TTGACA-3= sequences, respectively, with two As per box being replaced by Gs/Cs. This is not surprising, because Dietzia sp. DQ12-45-1b has 10 sigma factors (data not shown), which are thought to recognize a variety of sequences that could be very different from classic E. coli conserved sequences. Similar alterations were also observed in other Gram-positive strains. For instance, the high-GϩC-content promoters were also present in the high-GϩC-content Mycobacterium tuberculosis, which possessed as many as 13 sigma factors (32) . Indeed, the Ϫ10 and Ϫ35 boxes identified to date vary greatly, with Ϫ35 regions exhibiting a particularly high level of sequence diversity (45) .
The ␤-galactosidase activity analysis clearly revealed that the 118-bp intergenic region upstream of the CYP153 gene cluster possessed the promoter activity (Fig. 3B) , although the Ϫ10 and Ϫ35 regions typical of E. coli were not detected. This promoter could be induced by C 8 to C 14 n-alkanes, but not by n-hexane, n-hexadecane, n-alkane-derived n-alkanols, or fatty acids (Fig. 3) . In contrast, both alkanes and alkanols were reported as inducers of the alkB promoter in Rhodococcus sp. strain SCP1 (37), P. putida GPo1, and Burkholderia cepacia RR10 (46, 47) . Our recent results showed that, in addition to n-alkanes, the derived oxidation products hexadecanol and palmitic acid could also induce AlkB-type AlkW1 expression (26) . The presence of different inducers pointed to the existence of distinct regulatory mechanisms of these AHs.
Furthermore, a putative AFR located upstream of the CYP153 gene cluster was proved to be the activator of CYP153 gene expression (Fig. 3 to 5) . The regulation of AFRs in n-alkane oxidation has been reported before in Acinetobacter sp. strain ADP1, where the AlkB-type AH AlkM is transcriptionally regulated by the AraC family activator AlkR in the presence of C 7 to C 18 n-alkanes (48) . However, the low sequence identity between AlkR and CypR (26%) implies distinct mechanisms of action for the regulators. Moreover, the sequence analysis revealed that AFRs flank cytochrome P450 in bacteria. For instance, both CYP255A3 and CYP255A4, which are supposed to be involved in the phenol degradation pathway in Rhodococcus sp. strain RHA1, were flanked by a putative AFR in the opposite direction (49) . However, until now, very few studies have focused on the regulatory role of AFRs in cytochrome P450 expression in sufficient detail, except for a study in M. tuberculosis (32) . The AFR (encoded by Rv1395) located adjacent to CYP132 (encoded by Rv1394c) in M. tuberculosis repressed its own transcription but induced transcription of CYP132, which might be involved in regulating bacterial virulence (32) . Therefore, our research provides novel information about the role of AFRs in cytochrome P450 regulation.
As there is a potential ligand-binding domain at the N terminus of CypR, we tried to determine the possible ligand of CypR. However, when recombinant E. coli DH5␣(pXL1822) cells were induced by n-octane or n-decane, the ␤-galactosidase activity was similar to that observed in LB medium or minimal medium supplemented with glucose (data not shown). Since both n-octane and n-decane can pass across the E. coli cell membrane (50, 51), our results indicated that n-octane and n-decane are not CypR effectors. This observation indicates that another regulator, probably a repressor, could sense n-alkanes and subsequently affect cypR. This hypothesis is consistent with several previous reports. For example, the AraC-type regulator RipA, which repressed the aconitase in Corynebacterium, was itself repressed by another repressor, DtxR (52) . Another AFR, CfaD, which served as an activator for the colonization factor antigen I (CFA/I) fimbrial operon in E. coli, was also repressed by the histone-like protein H-NS (H11) (53) . Further research is needed to elucidate the regulation mechanism.
Taking the data together, the regulation mode of CYP153 is completely different from that of AlkB in terms of the identities of inducers and regulators. AlkS, a member of the LuxR family regulators, and members of the TetR family repressors were reported to be regulators of AlkB-type AHs (4, 12, 26) . In strains expressing two or more AHs, the AHs are differentially regulated. For example, in Acinetobacter sp. strain M-1, the expression of AlkMa, which is flanked by the AraC/XylS-type regulator AlkRa, was induced by alkanes with a chain length of 22 or more carbon atoms. In contrast, AlkMb, flanked by the OruR-type regulator AlkRb, was induced in the presence of C 16 to C 22 alkanes (54). The question arises as to how different regulators interact with proper signals in the presence of n-alkanes. Since transcriptional regulators should interact with DNA, they are usually cytoplasmic proteins. It is reported that medium-chain-length alkanes (C 6 to C 12 ) simply traverse the cell membrane by diffusion (50, 51) . However, alkanes with longer chain lengths have poor water solubility and most likely accumulate in the cell membrane (55) . The AlkB-type AH is a membrane-integrated alkane hydroxylase, while CYP153 is a soluble AH present in the cytoplasm (9, 24) . It is convenient and energy saving for the membrane-integrated AlkB to oxidize long-chain n-alkanes in the membrane, as the resulting products may serve as inducers for the corresponding repressor in the cytoplasm. In contrast, it is possible for n-alkanes that are easily transferred into the cytoplasm to be both the substrates and the inducers of the CYP153 gene. Although it is still unclear how modulation of these regulators occurs in bacteria such as Dietzia sp. DQ12-45-1b, it is clear that there should be a mechanism to accurately control the expression of regulators in the presence of different n-alkanes.
It is remarkable that both the CYP153 and AFR genes were found phylogenetically clustered with those from Actinobacteria ( Fig. 6B and C) . Moreover, AFR-CYP153 gene-like operons in Actinobacteria analyzed in this study were either encoded by plasmids or flanked by transposons (15, 22) . The GϩC contents of AFR genes (ranging between 57 and 67%) were similar to those of CYP153 genes and lower than the GϩC contents of Actinobacteria genomes (ranging between 62 and 71%). In light of our previous evidence indicating potential common HGT events for CYP153 genes in Actinobacteria (22) , we hypothesize that AFR-CYP153 gene-like operons might be transferred to Actinobacteria, especially those containing alkB genes, from other bacterial species. In fact, colocalization of genes from a certain pathway that ensures their simultaneous transfer between strains is considered to be beneficial for such genes and is known as the "selfish operon model" (56, 57) . However, the newly acquired genes have to be successfully integrated into the cellular regulatory system of the host so that they are appropriately turned on and off for the benefit of the cell (58) . HGT events must have contributed significantly to the wide presence of AFR-CYP153 gene-like operons; however, only those operons that successfully integrate into the host regulatory network enable host bacteria to broaden their alkane-degrading capabilities for quick adaptation to the environment. In the DQ12-45-1b strain, the HGT cypR-CYP153 gene operon is integrated into the existing alkane degradation network and can be activated exactly when needed, as its activity is tightly coordinated with functions of alkW1 (15) .
In summary, we identified the TSS of the CYP153 gene cluster and characterized promoter activation by different n-alkanes. The AFR located upstream of the CYP153 gene cluster was found to activate the CYP153 promoter. Our study of CYP153 gene regulation might reveal the mechanism that may be common to all Actinobacteria. Our findings emphasize unique features of this medium-chain-alkane-responsive regulatory system, which functions as the sensor and degrader simultaneously. These properties could be very attractive for developing novel recombinant biotransformation processes.
